Inhibition of aerobic metabolism leads to a major disruption of cardiac cell homeostasis. The purpose of the present study was twofold: 1) We determined the relative importance of junctional and nonjunctional membrane resistance (Rj and Rm, respectively) in the development of propagation failure during inhibition of aerobic metabolism in guinea pig ventricular cell pairs. 2) We used the patch-action potential clamp technique in single ventricular myocytes to study some of the properties of the membrane channels that are responsible for shortening of action potential duration and eventual failure of cell excitation after metabolic blockade. In most experiments, whole-cell patch pipettes were filled with a solution containing 1 mM EGTA, 5 mM HEPES, and 5 mM ATP. Our results in cell pairs showed that pharmacological inhibition of aerobic metabolism with the mitochondrial uncoupler 2,4-dinitrophenol (DNP) led to a drop in R. followed by an increase in Rj. The increase in Rj was not sufficient to cause a measurable delay in cell-to-cell propagation, whereas the drop in R. consistently led to failure of cell 
. In the presence of coupling, current also flowed through the junction (I,), which forced the clamp circuit in cell 2 to respond with a current step (12) 
Patch-APC Experiments
The patch-APC technique allowed us to simultaneously record action potentials (via a whole-cell pipette in current-clamp mode) and patch currents (via a cell-attached pipette in voltage-clamp mode) from a single ventricular myocyte.32 The whole-cell pipette was filled with internal pipette solution (see above). The cell-attached pipette was filled with normal Tyrode's solution. The low potassium concentration in the patch pipette prevented the detection of outward currents through the inward rectifier channels. 40 The myocyte was paced regularly via the whole-cell pipette with current pulses of 10-20 msec applied at a basic cycle length of 2,000 msec. The amplitude of the current pulse was chosen to be 1.1-1.3 times threshold for cell excitation. Only those experiments in which no channel activity was detected through the patch pipette under control conditions of constant seal resistance were used for the study.
We the corresponding membrane potential value, regardless of the APD. This procedure enabled us to construct "dynamic" current-voltage (IV) relations for each action potential. Subtraction of the IV relation at any point in time during DNP superfusion from the blank yielded the DNP-induced IV relation (e.g., see Figure  5 ). For the purpose of subtraction, all data points collected within a 1-mV range were averaged. Dynamic DNP-induced IV relations were linear in the voltage range between -40 and +40 mV. Patch membrane conductance was thus measured directly from the slope of the IV relation in the -40-to +40-mV range.
The above method allowed us to directly correlate the time course of changes in APD with the simultaneously recorded patch current activity. It also allowed us to follow the changes in membrane conductance even in the presence of important changes in action potential morphology. Detection of single-channel events associated with DNP superfusion was also attainable (e.g., see Figure 5 ).
Experimental data were digitized (20 Figure 1 . In all panels, the bottom tracing represents the current monitor, the top tracing depicts the membrane potential of the paced cell, and the middle tracing corresponds to the membrane potential of the partner cell. Panel A shows the action potentials obtained in control conditions. Panel B shows the same tracings as in panel A but displayed at a faster sweep speed. APD (measured at 90% repolarization) was 468 msec, and cell-to-cell propagation was quasi-instantaneous (i.e., there was no measurable delay). Ten minutes after the onset of DNP (80 ,uM) superfusion, APD was drastically abbreviated to 19 msec (panel C), but cell-to-cell propagation was not affected (panel D). The tracings in panel E were obtained one cycle after those in panels C and D. DNP rendered the cells completely inexcitable, but electrotonic propagation was still apparent, thus suggesting that the cells were electrically coupled at the time of excitation failure. current recorded by the electrode in cell 1 (I1), and the middle tracing corresponds to the current recorded in the distal cell, which is proportional to the current flowing through the junction (12) . Panel Voltage (mV) Figure 5 . In all panels, the experimental tracings on the left correspond to membrane potential, recorded by means of a wholecell pipette in current-clamp configuration (top tracing), and active current, recorded simultaneously by a second pipette in the cell-attached voltage-clamp mode (bottom tracing). Dynamic IV relations shown on the right were constructed by correlating the membrane potential with the amplitude of the active current. Each point corresponds to the average current value within a 1-mV range (see "Materials and Methods"). The IV relations shown in panels B and C were obtained after subtracting the blank IV curve shown in panel A (see "Materials and Methods"). Panel Voltage (mV) 40 60 allowed the flow of outward current during the action potential. Panel C was obtained 4 Figure 6 shows an example in which the recorded patch currents were much larger than those illustrated in Figure 5 . Indeed, in this case, single-channel events were not observed, and the amplitude of the current increased progressively during DNP superfusion, yet the IV relation was also linear within the expected voltage range. Figure 7 shows a plot illustrating the changes in APD (panel A) and patch slope conductance (measured between -40 and +40 mV, panel B) as a function of time for the experiment shown in Figure 6 . Our results show a direct correlation between APD shortening (and the eventual loss of excitability) and the increase in DNP-induced outward conductance. Nine experiments were carried out using this procedure. In three of them, no active currents were detected during DNP superfusion, even though the characteristic APD shortening and loss of excitability were still observed. The average patch conductance was 44±18.3 pS at the time of 50% reduction in APD.
Discussion

Methodological Considerations
The results presented in this article show that pharmacological inhibition of aerobic metabolism led to a drop in Rm followed by an increase in Rj. We have also shown that the increase in Rj was not sufficient to cause a measurable delay in cell-to-cell propagation, whereas the drop in Rm consistently led to failure of cell excitation. Finally, our data provide strong evidence in support of the hypothesis that the reduction in Rm is a direct consequence of the-opening of a DNP-induced outward membrane conductance. Before discussing the overall implications of these results, certain methodological aspects should be considered. Our low-ATP experiments were carried out using conventional (nonperfusable) patch pipettes. Therefore, the exact intracellular concentration of ATP was not known. However, the changes in action potential configuration and input resistance obtained during experiments with the low-ATP solution strongly suggest that the intracellular environment was progressively depleted of ATP during the recording time. A similar procedure has been used by other authors to alter
[ATP]i-1,41, 44 It has also been shown that the presence of ATP in the recording pipette does not prevent the effect of mitochondrial uncouplers on membrane conductances.4""44 As previously suggested by Weiss and Figure 7 of Noma and Tsuboi7). Thus, it is unlikely that the presence of HEPES in the pipette solution altered the outcome of our experiments. Nevertheless, further experiments will be necessary to characterize the individual role of pHi on cell excitability and cellto-cell action potential propagation in cardiac ventricular myocytes.
The dual voltage-clamp technique has been widely used for testing the degree of electrical coupling between two cells.45 However, for this method to be quantitatively accurate, the value of Rj should be at least 10 times larger than the access resistance of the system. 46 In our experiments, we were extremely careful in compensating series resistance after patch break. However, it is possible that compensation was not perfect and that our control Rj values were slightly overestimated because of the uncompensated component of the access resistance.37,46 Yet the observed increase in Rj also proves that our recordings were indeed obtained from two independent cells that were communicating through DNP-sensitive gap junction channels.
Aerobic Metabolism and Action Potential Propagation in the Heart
Experiments conducted during the last 20 years have shown that inhibition of aerobic metabolism with DNP leads to electrical uncoupling47 as well as to ultrastructural alteration of the gap junctions in the heart. 48 In those experiments, however, the authors used DNP concentrations that were at least 10 times larger than those needed to induce mitochondrial uncoupling. 49 Our data indicate that low doses of DNP do lead to an increase in Rj but not to the extent at which cell-to-cell propagation would be impaired. The tracings shown in Figure 5 represent the first simultaneous recordings of action potentials and DNPinduced channel currents in ventricular myocytes. The recorded currents showed the following properties: 1) Channel activity was absent during superfusion of normal Tyrode's solution and became apparent only after exposure to the mitochondrial uncoupler.
2) The DNPinduced current was outward throughout the voltage range of the action potential. 3) The current amplitude became negligible near the resting potential. 4) The dynamic IV relation was linear in the voltage range of -40 to +40 mV. 5) The unitary conductance was 23 pS. 6) The currents showed no time dependence. Indeed, when single-channel flickering was observed (see Figure  5 ), openings and closings were present at all times during the action potential. Moreover, patch currents showed no activation delay after the action potential upstroke, and the linear shape of the IV 
